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Abstract
This document is one of the parts of the electronic version of the PhD thesis by
SFM van Vlijmen  The goal of the PhD project was to get a better under
standing of the problems with the integration of formal specication technique in
the day to day software practice The approach followed was to execute a number
of projects in cooperation with industry on realistic cases
This document reports about the specication in PSF of a nontrivial part of a
trac regulation system that is manufactured by the Dutch company Nederland
Haarlem Problems with PSF are discussed and evaluated The specifcation is
included and discussed too
This chapter is about the specication of an existing system a trac regu
lation system for signalized intersections that is built by the Dutch company
Nederland Haarlem Nederland Haarlem is active in a number of markets
control systems for the petrochemical industry street furniture and say traf
c management systems The latter comprise amongst other things systems
for the 	owcontrol on highways systems for congestion detection systems
for regulation of trac at intersections It is one of their systems for trac
regulation at signalized intersections we took as subject for specications in
PSF 
 The project was executed in the Spring of  The text of the
treatment of the case is based on the text in 

The material on this case is organized as follows In the rst section the op
eration of trac regulation systems for signalized intersections is introduced
This is illustrated in a next section by means of an example In Section 
the part of the system we selected for specication and the assumptions we

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made are given Finally an evaluation of the case is given in Section  The
more technical part of the treatment is put in the appendices A discussion on
the most important data and process modules is given in Appendix A Extra
examples in the style of Section  are given in Appendix B The specication
is given in Appendix C
 Trac regulation systems
With a signalized intersection we mean an intersection where every stream of
trac participants stream for short on an approach to the intersection is
regulated with a signal Trac regulation systems for signalized intersections
can be categorized on their dynamic behaviour ie their ability to respond to
the actual demand for capacity of streams
At the one end one has rigid regulation systems that have no dynamic
behaviour at all In these systems all durations for green yellow and red
of the signals are xed And the order in which the signals are turned is
xed too Every step in the scheduling is explicitly stated At the other end
of the spectrum we have regulation systems that determine dynamically on
basis of incoming requests what action to take next Here is explicitly stated
what one does not want to see actuated eg colliding streams of participants
The four order system developed by Nederland Haarlem falls in this last
category We have to stress here that four order regulation is a Nederland
Haarlem proprietary notion We did not come across an accepted naming for
categories of regulation systems in the literature It is the four order regulation
system that is the subject of this study
 The four order regulation system
The four order regulation system is in this section introduced in its general
form In this section words in italic refer to the components in Figure  See
Section  for the part that was actually specied
The four order regulation system is a generic system A data set turns the
generic regulation system into a regulation system for a specic intersection
The system has detection devices that have at least the ability to detect
trac participants at the approaches Optional detection devices can moreover
detect speed or type of trac participants and even individual participants
The latter option enables the system to detect for instance an ambulance
It is often the case that some streams are synchronized and always receive
identical signals of the control process Such a group is called a phase More
formally given an intersection with a set of streams S the set of phases
is a partition of S Hence actually the control process controls streams by
addressing phases The streams in a phase are not con	icting ie concurrent
	ow of the streams does not lead to hazardous situations It is important
to note that the set of phases is xed the partition of S does not change
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Figure  Main components of a trac regulation system and their interactions











Figure 	 An example crossing and corresponding elementary con
ict matrix
dynamically The word phase typical trac vernacular can be a bit confusing
it should not be interpreted as some state the intersection is in at a certain
point in time Phases are the objects that are regulated their composition
ie the subset of the streams they consists of is xed in time For the control
process it does not matter how many streams there are in a certain phase If
for instance a phase should be turned green the control process just outputs
a command to instruct some hardware to switch the signals of all the streams
in the phase
Introduction to the four orders is postponed to Section  For now think
of an order as some set of circumstances specifying when the signals of a
phase can be turned green Sources of con	icts between phases are specied
in the conict matrix  The con	ict matrix is part of the data set See Figure
 for an elementary example of a con	ict matrix
The conict monitor is a lter Commands sent by the control process
to the signals are checked by the con	ict monitor against the information in
the data set in particular against the con	ict matrix In case a con	icting
situation is bound to occur it turns all signals to intermittent yellow and
does not respond any more to input from the control process The name
con	ict matrix is slightly misleading Apart from the elementary information

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about con	icts that arise from crossing streams the con	ict matrix contains
many additional conditions and is as such actually a set of conditions which
contains also some conditions coded in a matrix This is the reason the con	ict
matrix in Figure  is predicated as elementary For instance the con	ict
matrix in reality contains information on the minimal duration of red green
and yellow The elementary matrix of con	icting phases presents a symmetric
and nonre	exive relation if phase x has a con	ict with phase y then y also
has a con	ict with phase x and a phase is not in con	ict with itself so half
the matrix is printed in the examples In the rest of the treatment of this case
study the con	ict matrix is identied with the elementary matrix
The control process schedules phases on the basis of dynamically deter
mined priorities there is no predened order in which phases are scheduled
However con	icts and conditions as laid down in the data set prevent certain
combinations Furthermore it is possible that the control process is in	u
enced by systems regulating other intersections or by network control  ie
remote control imposed on one or more trac regulation systems
 The four orders
On an abstract operational level the control process reduces to a loop in which
the following actions take place
i read detection devices
ii calculate new states for the phases eg green yellow or red
iii change signals according to the new status
iv goto step i
The core of the control process is found in the functions performing the calcu
lation of the new status of the phases the regulation algorithm Before going
into the details some Nederland Haarlem vernacular may come in handy
A phase has been realized when its signals show green Realization of a
phase is then the process of switching a phase to green A phase is request
ing realization if its signals are red and they have been red for some minimal
duration this duration is called the clearanceduration and it has trac wait
ing A phase which has its signals red for a period longer than the clearance
duration is said to be cleared  In other words a phase that is cleared and has
trac waiting requests realization sometimes we also say that the phase has
a request pending
Given phases p and p

 If p and p

in some state other than cleared would
mean a con	ict according to the con	ict matrix we say that p is a conict of
p





is a con	ict of p We say p has a direct  or immediate con	ict if
realization of p would lead directly to a con	ict In other words some of the
con	icts of p are notcleared
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Figure  On phase frustration
There are four orders of realization rst order second order third order
and fourth order An order is a name for a set of circumstances specifying
when a phase can be realized For instance if for a certain phase with respect
to the rest of the phases at an intersection the circumstances for a rst order
realization are fullled the phase gets a rst order realization
Suppose it is possible to dynamically calculate a priority of realization for
the cleared phases such that these phases do not get the same priority Of
course in practice it is also important that the priority assignment be fair
eg a phase with no trac waiting has lower priority than a phase with trac
waiting and every phase with trac gets its turn however we will not go into
that but as an example in Appendix B The rst order species the realiza
tion of phases that are requesting realization and which have a priority higher
than their con	icting phases This order is in a sense the backbone of the
regulation algorithm because other phases are being realized to consume the
leftover capacity of the intersection second order and third order realizations
serve to increase the throughput of the intersection by allowing realization of
selected phases that could not get a rst order realization Hence second and
third order realizations jump the queue The selection is on priority and on
the circumvention of frustration of con	icts To explain the latter suppose
we have three phases   and  in the situation in Figure  Phase  is
currently green phase  and phase  are requesting realization Phase 
has higher priority than phase  Because phase  has to wait for phase 
one can give phase  a realization second order to be exact provided that
phase  does not frustrate phase  on the long term That is as soon phase
 turns red phase  should be turned red too
What about scheduling fourth order Fourth order realizations are re
alizations requested by trac participants with special priority For instance
realization requests raised by an assistance service re patrol ambulance po
lice patrol or a public transport vehicle But also a request from a regulation
system at another intersection falls in this order And so does a boat request
ing a bridge to open Fourth order realizations get at least a high priority if
not the absolutely highest priority In that case realization is forced

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As priority is concerned the control process actually checks if there is a
fourth order request for realization before handling rst order From a histor
ical viewpoint the name fourth order can be explained Nederland Haarlem
is developing systems that get more and more sophisticated and rened new
orders get added
In the following rst second and third order realizations are dened more
precisely This is however still an abstraction For detail we refer to 

i A phase will be realized rst order if
a it requests realization and
b it has higher priority than its con	icting phases that are cleared and
c it has no direct con	ict  ie it is not in con	ict with a phase which
is green or yellow and it is not is con	ict with a phase which is red
for a period less than or equal to the clearance duration
ii A phase will be realized second order if
a it requests realization but cannot be realized rst order because b
is not met and
b it can be realized without frustrating a phase one of its con	icts
with a request for realization of higher priority pending and
c it has no direct con	ict and
d it has the highest priority of the phases for which conditions a to
c hold
iii A phase will be realized third order if
a it is cleared and it has no trac waiting and
b it can be realized without frustrating a cleared phase one of its con
	icts with a higher priority and
c it has no direct con	ict and
d it has the highest priority of the phases for which conditions a to
c hold
At rst glance there does not seem to be a big dierence between second
and third order realizations The important dierence is in special conditions
in the data set preventing certain combinations of realizations these are not
considered by us Furthermore what we discussed above as third order real
ization is only third order realization of type  There are other types of third
order realization not taken in consideration here namely type  and type 


 Example of four order regulation
Suppose we have the twelve phases as in Figure  All phases are cleared
Suppose also that we have the following order of decreasing priority  

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Figure  An example of rst   second  and third  order realization
          The priorities are also depicted in the
gure Note that such an ordering is ephemeral it holds only for sure during
step ii in the loop presented in the previous section  Finally we suppose
there are no exceptional trac participants detected ie there is no need for
fourth order scheduling
In the rest of this section indications like c refer to the conditions for
realization as given in Section  above Phase  gets a rst order realization
phase  is requesting realization a there is just no phase with higher priority
b and there are no con	icts of the type specied in c because all other
phases are cleared Subsequently the con	icts of phase  ie phases in the
set       will not be realized now So phase  is skipped
although it is the next in priority the same holds for phase  Phase  is
now the next in priority it gets a rst order realization because it is requesting
realization a its con	icts phase  and phase  are lower in priority and
cleared bc Phase  cannot get a rst order realization one of its con	icts
phase  is higher in priority Phase  gets a second order realization We
have to make sure however that phase  does not frustrate  on the long
term b If after some time phase  is not blocked by phase  any more
then phase  should not be blocked by phase  This is achieved by making
sure phase  is cleared before or at the same time as phase  The only
phase not blocked by now is  phase  gets a third order realization if we






Figure  The components selected for specication
 Choices assumptions and solutions
In Figure  the components selected for specication are shown The data set
and the control process are specied in some detail The choices and assump
tions made in specifying these components are discussed below in Sections 
and  respectively
The detection devices are modelled in the sense that in the data set is
specied what detection devices exist and to which phase they obey This
enables the control process to read from a detection device some random
values without really synchronizing to a detection device Interaction with
signals is even simpler The control process just performs actions modelling
operations on the signals of a phase
Although time is of extreme importance in trac regulation systems there
is no clock process specied The reason for this is that clock processes are
in our experience ugly circumscriptions in untimed languages without prior
ity and we dont need one in the approximated operational modelling of the
functionality If we assume at a meta level the cycletime of the control process
has a constant duration all other durations eg minimalgreenduration can
easily be expressed in this cycletime Hence all timeconstants in the spec
ication are discrete and relative to the implicit clock of the control process
one cycle is one timeslice
 The data set
The control process specied is generic just like the real four order regulation
system See page  in Appendix C for an example data set The control
process assumes a data set to contain the following

a con	ict matrix ie the elementary matrix

a set of phases dening the initial state of the phases

a function giving a total ordering on priority of the phases

a surjective function assigning detection devices to phases

a function assigning a clearance duration to each phase

a function assigning a yellow duration to each phase
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
a function assigning a minimal green duration to each phase

the name of the detection device to poll rst

the name of the detection device to poll last

a function giving the order in which to poll the detection devices

a constant specifying the duration in some real time unit of the regulation
cycle of the control process
Weight factors for detected trac participants are specied as part of the
initial state phase set
A number of things has been left out For instance there is no maximum
green duration it is not possible to prohibit a third order realization of a
phase maximal allowed waiting times  important for fairness  are not
specied
The control process does not check the information in the data set It
is assumed to contain correct information Correctness of the specication
in general is not discussed in full Here we just mention some criteria of
correctness for a data set

the con	ict matrix is symmetrical

a phase has no con	ict with itself

the phase set is not empty

each phase has at least one detection device assigned to it

if a detection device of type X is assigned to a phase this phase should
contain a counter for trac participants of type X

durations are positive nonzero integer multiples of the duration of the
regulation cycle
 The control process
Specied are in some detail rst order realization second order realization
and third order realization of type  but still what is specied is only the
backbone Numerous extra features can be found in 
 Some possibilities
for optimization of the regulation ie higher thoughput which are not de
scribed by the specication are exemplied in Appendix B and Appendix
B Fourth order realizations are not considered Because of the absence of
third order type  which species the state of phase when there is no traf
c announced at any phase all signals eventually turn red when there is no
trac
In practice concurrent realizations may demand specic tuning For in
stance concurrent realization of phase  and  in Figure  is often not
considered a con	ict Nevertheless a regulation may slightly delay the real
ization of the turning stream here  The specication though oers no
means to shortly delay a phase in like situations

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One can say that a second or third order phase will be realized when there
is another phase that covers it not necessarily a rst order phase In the
specication the notion of coverage is not made explicit ie for a phase being
realized in second or third order it is not remembered nor explicitly calculated
which phases cover a phase However this information on coverage can be
relevant in case the assigned green duration of the phase that oers coverage
is changed after realization as it may in reality Our green duration is xed
at realization
 The detection devices
In every cycle of the control process the detection devices are polled in a
xed order Independent of the type of the detection device pushbutton
for pedestrians detection eld for cars the device read out is either true or
false This is of course a serious simplication
A phase contains a counter for each type of detection device assigned to it
If two or more detection devices of the same type are assigned to a phase their
read outs will be accounted for on the same counter The type of the detection
device determines in what way the device read out is accounted for If a push
button is pressed by a pedestrian the system knows there are pedestrians
waiting the system does not know how many If a detection eld for cars
is activated the corresponding counter is increased by one the system knows
exactly how many cars are waiting provided the assumption that at most one
car can pass the detection eld in the time span of one regulation cycle which
is not true in reality However as the read out is either true or false a
detection device can in one cycle detect at most one trac participant
The system is not able to tell how trac participants 	ow away on green
When turning from green to yellow the system just assumes all detected trac
participants have 	owed away
 Priority
The priority of a phase is determined by two factors One factor is the weighed
waiting time the other is the priority ordering from the data set If two
phases have the same weighed waiting time the phase with higher priority is
determined by looking at the priority ordering in the data set
The weighed waiting time of a phase is the sum of the weighed waiting
time of each trac participant type accounted by the control process for that
phase So if a phase consists of a stream of pedestrians and a stream of
cyclists the weighed waiting time is the sum of the weighed waiting time for
the pedestrians and the weighed waiting time for the cyclists The weighed
waiting time for a trac participant type is updated each cycle of the control
process The new value is the old value plus the number of trac participants
times a weight factor The weighed waiting time and the counter for the trac
participants are set to zero when the signal turns yellow this is of course a
simplication from our side There is no gradual decrease during green as in

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regulation cycles 
phase stream data i i   i  	 i   i     
  car detected no yes yes no yes   
weight factor      
cars counted   	 	    
weighed waiting time        
 car detected no no yes yes no   
weight factor 	 	 	 	 	 	
cars counted    	 	   
weighed waiting time   	     
total weighed waiting time        
Figure  An example of weighed waiting time calculation
the real four order system
We will illustrate the notions above by an example Consider the situation
in Figure  Suppose we have a phase called  that combines stream 
and  One of the streams is a stream of cars turning left the other a stream
of cars turning right Suppose the weight factor for stream  is  and the
weight factor for stream  is  In Figure  the signals of phase  turn
yellow in regulation cycle i the weighed waiting times and the car counters
for  and  are thus set to  In the next regulation cycles one will see the
builtup of the weighed waiting times for the streams  and  and phase
 We assume the gure is selfexplaining
In the real four order regulation system the weighed priority is accounted
once a second and the cycle time is about one tenth of a second Furthermore
in the real system the weight factors are chosen from the interval 

in our specication every natural number is ne even zero If one chooses
zero as value for all weight factors of a phase that phase can only be realized
in third order because in the specication the weighed waiting time wwt is
used too to check whether a phase has trac waiting wwt   means trac
wwt   means no trac
 Green duration
The estimated duration for green is taken as the maximum of the minimal
green time as specied in the data set and an estimate of the requested green
time The requested green time is taken by us to be equal to the sum of the
trac participants counted this is a simplication A more realistic guess
for the requested green time should take acceleration in consideration and
also the occupation degree of other streams Consider again the situation in
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Figure  if phase  is turned green during regulation cycle i   then the
requested green time is    ie the total number of cars counted for both
streams The requested green time is not tempered by taking the previous
green time in consideration So the green time for a phase can oscillate freely
This is contrary to the real system where some levelling takes place in order
to prevent strong oscillation
For a rst order realization the duration assigned for green is equal to
the estimated green duration With second and third order realizations it is
important not to frustrate phases of higher priority This requirement leads
to an upper limit for the green duration to be assigned This upper limit is
calculated as follows Suppose a phase p is a candidate for second or third
order realization and suppose we have to make sure p does not frustrate the
phases in a set S Now calculate for each phase p

in S how long p

has to
wait at least before it can turn green Take the minimum of these values as
calculated for the elements of S Let this be m m is what is calculated by
the function sparetime in module RealizationToolkit The upper limit
ie the maximal green duration is m minus the clearance duration minus the
yellow duration for p Phase p can turn green if its minimal green time is less
than or equal to this upper limit If this is the case the green time assigned
to p is the minimum of the estimated green duration and the upper limit
The way a duration for green is calculated in the current specication is
not optimal An example of this can be found in Example  in Appendix B
In the real four order system one species in the data set an extra condition
for third order realization of a phase This condition species for a phase p
which phases can cover p In the specication this is not facilitated
If a phase is assigned say  time units green it will have precisely 
time units no more no less Hence a phase is not preempted if it oers no
trac And because the system is not able to detect trac participants in the
dilemma zone green durations are not stretched The dilemma zone is part of
the approach to the intersection A trac participant has a dilemma when it
is hard to decide for himher between driving on or stopping when the signal
that regulates hisher stream turns yellow A trac participant is expected
to have a dilemma if detected with a certain speed in the dilemma zone
 Evaluation
This case study resulted is one of the larger PSF specications of that time
running the Toolkit especially the simulator asked for some tenacity PSF
turned out to be expressive and 	exible it was not dicult to capture a
signicant part of the functionality of a real and complex system One can
detail the specication further and add features without too much trouble
Nevertheless there are some problems Eventually the adequate handling
of time will become an obstacle if one continues to use PSF The system is
inherently real time Consider for instance the situation in which at moment
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t a red light r fails The system should respond with an appropriate action
before t  !t This cannot be expressed though with disrupt priority not
available in PSF by then and some meta level assertions one can come a long
way
Another problematic point is the complexity of the data types Getting
the data types right is dicult and time consuming It became clear to us
that there is no canonical specication a specication has to be redone over
and over again to arrive at a text that is acceptable with regard to eg
completeness communicability and trueness For example the specicator
easily introduces coding of elements of sorts that are obscure and archaic to
an unprepared reader eg the sort Natural 
 Also there are numerous
other design decisions to be made eg add an error object to a sort or add
predicates to test proper application of functions Finally one has to be very
careful that all sorts of assumptions are all documented they may be obvious
at the time of writing but wont stay obvious for very long It would not
surprise me a bit if from the specication follows true  false or to keep in
style red  green The specication is just a rst step This was of course
envisioned and made part of the strategy of the whole project of which this
study is one of the parts Nevertheless the reality of this vision was clearly
felt straightaway
From the engineering point of view the specication is a rst step in a
reverse engineering activity at an operational level Typically one should
specify more elements from the UoD eg what is an intersection and what
types of intersections that can be caught by the data sets we specify Further
more more eort should be directed to purely behavioural specications eg
capturing the correctness and other behavioural invariants see for example

 The specication of the conditions for realization in Section  forms a
clear starting point In the work that followed this study these aspects were
not addressed The studies that followed continued in the same operational
fashion or used trac regulation as an interesting example for other purposes
than add to this bridgehead in a general theoretic and thematic way
A real time model is described in 
 by Koens and Oei They also took
a dierent view on the system decomposition that was used in the original
specication phases are presented by processes that communicate with a
central scheduler Bullens took 
 a fully distributed approach using PSF
Here the phases execute a protocol that can possibly be classied as a leader
election protocol following the terminology of 
 The work of Koens cs and
Bullens was presented at the premises of Nederland Haarlem who expressed
interest in alternative system decompositions Medio  the Department of
Philosophy negotiated with Nederland Haarlem about a joined project that
focuses on distribution This illustrates nicely the enormous amount of time
needed to develop bridgeheads
The model of Koens and Oei was used as a test case for the ToolBus by
Bosscher Koorn and Klusener 
 Whereas the model of Bullens served for
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the construction of a graphical simulator using Scriptic 
 at the Technical
School for Higher Education HTS in Rotterdam Sjouke Mauw used the
trac regulation example as the subject for a specication course as part
of a postmasters course at Eindhoven Technical University of Technology
Finally the contact with Nederland Haarlem that started with work on the
trac regulation systems led to two assignments in  about which will be
reported in respectively Chapter 

and Section  of Chapter  of 

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A The main modules of the specication
In Section A we discuss the central data types namely PHASE and
PHASESET These data types are specied in module Phase and mod
ule PhaseSet In Sections A and A we look at the modules
specifying the most important functions on phases and sets of phases
The modules discussed here are AccountForDetectionOperation
AccountWeighedPrioritiesOperation AccountForTimeOperation
RealizationToolkit RealizationFirstOrder RealizationSecond
Order and RealizationThirdOrder Next attention is paid to the two
process modules Module ControlProcess is discussed in Section A and
module TrafficRegulationSystem in Section A
A Module Phase and module PhaseSet
Module Phase species the sort PHASE Of main importance is the construc
tor function phase One can interpret phasenamerossweatrt as a
record storing statusinformation on the phase with name name with realiza
tion order ro with signal status ss with the detected trac participants and
weighed waiting times accounted in we with the absolute time the phase has
status ss in at and with the rest time that the phase has to keep status ss












So this is a phase with name  Previously it got a firstorder realization
but now is it turned red There have been two cars detected A car has a
weight factor of 	 and the weighed waiting time is 
 Note that for conve
nience of the reader naturals are denoted in the usual way eg nat
 is
written as 
 There are pedestrians detected we do not know how many see
axiom ad
 in module AccountForDetectionOperation Pedestrians
have a weight factor of 
 and the weighed waiting time is  Furthermore
the phase is already red for 
 regulation cycles and it has to stay red for
 extra cycles This means that the clearance duration for phase  is 
regulation cycles
Apart from function phase module Phase contains a number of functions
that we think are selfexplaining
Now we turn to module PhaseSet In module PhaseSet module Set is
bound to module Phase This gives after renaming the sort PHASESET This
sort is of major importance In the specication an intersection is modelled by
a set of phases and by the actual situation data set A set of phases contains
the state of the system at a certain point in time Most of the important
functions operate on a set of phases for instance realizationfirstorder
from module RealizationFirstOrder In module PhaseSet a number of
functions is introduced that give a subset of a set of phases
A Taking account of detection priority and time
Before rst order second order or third order regulation can take place on
a set of phases some household activity and some simple regulation has to
be done One has to take account of detected trac participants and one
has to calculate weighed waiting time This is performed by functions speci
ed in module AccountForDetectionOperation and AccountWeighed
PrioritiesOperation respectively One has to turn the signals of a phase
when the granted green duration or the yellow duration has passed This is
among other things done by functions specied in module AccountForTime
Operation
A Module AccountForDetectionOperation
Given a set of detection device read outs This information tells for each
detection device whether or not there has been a detection of a trac par
ticipant With the function detectedforphase from the actual situation
data set one knows which detection devices belong to which phase With this
knowledge the function accountfordetection updates the trac partici
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pant counters stored in each phase This can be explained best by an example
Suppose the example phase in Section A is element of a set of phases called




Suppose we have in the actual situation data set
detectedforphasedfcar   and
detectedforphasepushbuttonpedestrian
	  
So detection eld  and pushbutton 
	 belong to phase  Let P

be the result
of calculating accountfordetectionDRP Now the phase with name 
in P












The function accountweighedpriorities takes a set of phases as input
It updates the weighed waiting time of each trac participant type accounted
for in each phase in this set of phases To return to our running example let P

be the result of accountweighedprioritiesP

 We show what happened











So the weight waiting time of the cars is increased by   times  and the
weight waiting time of the pedestrians is increased by 
  times 
A Module AccountForTimeOperation
The function accountfortime has the same structure of specication as
the functions accountfordetection and accountweighedpriorities
it maps an operation on each phase in the set of phases that forms its input
On each phase phasenrossweatrt it essentially does the following
If rt is greater than the durationtrafficregulationcycle then rt is
decremented When rt equals the durationtrafficregulationcycle
the signal status may change If the signal status of a phase is red it just
stays red and rt is decremented however rt will not drop below  but if the




One will notice that there is also a counter incremented namely the abso
lute time at This has at the moment no real use In the future it may for
instance be used to signal unacceptable red durations To return to our ex
ample let P

be the result of accountfortimeP

 The phase with name











Hence the rest time is decremented and the absolute time incremented
A First second and third order realization
Now we come to the modules that specify the functions that take care of
turning the signal status of phases to green The functions of main interest are
realizationfirstorder realizationsecondorder and realization
thirdorder Functions that are used in the specication of these functions
are given in module RealizationToolkit We will look at these functions
rst
A Module RealizationToolkit
This module exports six functions that are used by the realization functions
Below we will discuss them one by one
Function estimategreenduration is presumably clear by its name It is
only worth to mention the use of the function totalnumberoftpcounted
This function returns the total number of trac participants counted and this
amount is used as an estimate of the demand for green see Section  for
a more elaborate discussion on the estimation of the demand for green
The function named highestpriority selects the phase with highest
priority from a nonempty set of phases
The function conflict returns true when its rst argument is in con	ict
with a phase in its second argument and otherwise it returns false
The function durationtoclearance calculates how long it takes for a
phase to get to the cleared state See Section  a phase is cleared if it has
its signals red for a period longer than the clearance duration
The function sparetime is used only when deciding on second or third
order realization of a phase Suppose phase f can get a second order third
order realization if it does not frustrate any of the phases in set of phases P
That is each phase in P is cleared and has higher priority than f but cannot
be realized for some reason Now calculate for each phase in P the time it
takes at least before the phase can turn green Take the smallest of these
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durations call it sparetime For phase f to get a second order third order




See axioms so to so in module RealizationSecondOrder for an
application of the function sparetime In axiom so we have
sparetimeconflictinnamefnotused
selectnotclearedfs
Here notused is a set of phases that are requesting realization
and have higher priority than f but cannot be realized now
With conflictinnamefnotused one selects those phases in
notused that are in con	ict with f Why can the phases in
conflictinnamefnotused not be realized Well they have to wait
for some phases that are still not cleared These phases are selected from fs
with selectnotclearedfs
A Module RealizationFirstOrder
To explain the function realizationfirstorder it is probably useful to
investigate axiom f














 is used here to do the work This
function has three arguments all three are sets of phases It will always be
true that the union of these three sets of phases is the set of phase fs except
for updates in the status of some phases ie those that are turned green The
rst set contains the phases in fs that are not potential candidates for rst
order realization The second set contains the phases in fs that are potential
candidates for rst order realization these phases are cleared see Section 
and have trac waiting so they are requesting realization Initially the third
and last set are empty Later on it will contain those phases in the second set




What happens now is the following Check if there are still candidates
left axioms fo fo	 If not your done If there are candidates se
lect the one with the highest priority Then decide axioms fo fo
if this phase has no direct con	ict This test is performed by the function
directconflict axiom fo If there is a con	ict then this phase wont
make it it is removed from the set of candidates and added to the set of
neglected phases called notused If there is no con	ict the phase is turned
green by turngreenfirstorder axiom tg

A Module RealizationSecondOrder
Function realizationsecondorder has a similar specication as
realizationfirstorder But with a rst order realization it is enough
to check only on a direct con	ict with directconflict With a second or
der realization it is important that there is no direct con	ict and no frustration
of other phases see the discussion on sparetime in Section A Spare
time is what is extra checked upon in axioms so and so
A Module RealizationThirdOrder
Function realizationthirdorder has a specication similar to
realizationsecondorder we kept the numbering of the axioms the
same for the same axioms Extra axioms are to
b toa and tob
These extra axioms stem from two extra tests that are added
The rst test added is in the beginning in axioms to
a and to
b
The test here is on the existence of a phase with green signals If there is not
such a phase then there is no possibility to realize a phase third order type
 
 III  Axioms to
a and to
b can however easily be extended
by adding axioms for third order realization type  If the test in to
a and
to
b is left out and there is no trac the system will still not realize phases




So there is still no time left to realize a phase third order
The green duration calculated and assigned to a phase in axioms toa to
to is far from optimal The idea is to assign only the time that is strictly
needed and not more than that A result of nonoptimal regulation is shown
in Example  in Appendix B
The second test is found in axioms toa and tob This test is needed
because sparetime is only at stake when there is the danger of frustration
of a phase and this can only the happen when overrun is not empty
It is worth the note why this situation cannot occur normally when using
realizationsecondorder In normal use of realizationsecondorder
on a set of phases P the following should hold this is however not tested

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upon in the specication
realizationfirstorderP  P A
Let twzerored be the initial nonempty set of potential candidates for sec
ond order realization the second argument of realizationsecondorder

By A the following holds for each phase in twzerored
The phase has a con	ict with a phase with higher priority that
is also requesting realization or the phase has a direct con	ict
A
Suppose we are in the initial situation As we know twzerored is not
empty so realizationsecondorder is called Let f be the phase with
highest priority in twzerored Phase f must have a direct con	ict other
wise it would have been realized rst order So axiom so is not used Now
suppose that somewhere in the execution of realizationsecondorder the
next phase in priority in twzerored is phase f

 and suppose also that f

has no direct con	ict By A we obtain the following since f

has no direct
con	ict now it must have a con	ict with a phase f

that is also requesting
realization and has a higher priority And again since f

has no direct con	ict
now f

did not get a second order realization So f

is in notused Thus
conflictsinnamef

notused is not empty
Note that overrun in tob does not contain phases from notused This
is because phases in notused have no trac waiting and therefore can hardly
be frustrated Note also that it is important that the following holds when
applying realizationthirdorder on a set of phases P
realizationfirstorderrealizationsecondorderP  P
If this condition is not fullled then we can have sparetime   in
tob Although the results are not undened it is not a proper use of
realizationthirdorder
A Module ControlProcess
In this module the process CONTROLPROCESS is specied In the rst axiom
CONTROLPROCESS is initialized with the initial status that is the set of phases
in their initial state as specied in the ActualSituationDataset The
process ControlProcessstatus essentially performs a loop where in each
trac regulation cycle detection devices are read next a new status is
calculated and nally the signals are changed
The process PollDetectionDevices polls all detection devices in the
order specied in the actual situation data set This order may be irrelevant




The actual calculation of the new status is done by nesting the application








Because there are no signals specied the changing of the signals is not fully
specied there is just an atom namely changesignal But here the speci
cation can easily be extended
A	 Module TrafficRegulationSystem
In this module the main process TRS trac regulation system is specied
But the most important point is the binding of module ControlProcess to
ActualSituationDataset
B Example traces of the model
In this appendix a number of examples is presented that show the behaviour
of the model and its intricacies
B Example 
In the example in Section  we stopped after one regulation cycle Here we
discuss what could happen next As we will see the system as specied now is
not optimal because of the simplications we made After the rst regulation
cycle discussed in the example in Section  we come to the situation depicted
in Figure B trac participants already started to move
The point now is what happens when phase  is turned red after a while
When we started regulating phase  had a higher priority than phase 
But this need not be the case some cycles later So it can happen that when
phase  is turned red phase  has grown in priority above phase  and
all other phases In that case phase  will be turned green rst order As a
result there is in the end no reason to turn phase  red together with phase
 In order to avoid a situation like this one a system has to estimate what
probably will happen something that is clearly not done in the simplied
system we specied
B Example 
Before looking at the trace of the example we rst explain how to read the
regulation process trace tables in Tables B B B and B These tables








08 12 09 07 05 04 03 020611 0110





















Figure B The situation at the junction of Figure  in Section 	 just after the




clearance time weighed wait time
yellow time weighed wait time
green time type of realization
Table B
How to read the regulation cycle traces in Tables B	 B B and B
are composed of boxes with data elds as depicted in Table B The meta
indication is only used in Tables B and B to explicitly point to some
boxes  as an aid in the explanation  in which something specic happens
The examples have just one detection device per phase When something is
detected this is indicated with  The three little boxes on top of one another
present the lights green yellow and red The eld in the boxes indicates
the number of cycles the phase shows green yellow and red until clearance
respectively The right juxtaposed eld indicates the type of realization for
green and for yellow and red the weighed waiting time that has accumulated
In a regulation process trace table time runs from top to bottom
Now for the example Suppose we have the situation depicted in Figure
B The ordering of the phases depicted is now the absolute priority order
ing from the actual situation dataset to stress the dierence the triangle is
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Figure B	 An example of unfair regulation as will be shown in Table B	
is also depicted in Figure B The other parameters in the actual situation
dataset are

all clearance durations yellow durations and minimal green durations are
set equal to the cycle time

all weight factors are set to one except the weight factor of phase  which
is set to 
Hence phase  has a higher weight factor than the other phases As will
be shown in the trace in Table B the priority of phase  can grow faster
than the priority of the other phases As a result phase  can overrun other
phases in priority Phase  detects a trac participants before phase  does
detect something So the weighed waiting time of phase  starts to grow
when the weighed waiting time of phase  is still zero But then phase 
detects a trac participant and its weighed waiting time jumps in one go to
the same level as that of phase  In the next cycle the weighed waiting time
of phase  grows to  and that of phase  grows to  So phase  gets
a rst order realization before phase 
B Example 
Suppose we have the situation depicted below in Figure B The absolute
priority ordering in black again as in Example  The con	ict matrix is also
depicted in Figure B below The other parameters in the ActualSituation
Dataset are

all clearance durations yellow durations and minimal green durations are
set equal to the cycle time

all weight factors are set to one

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Figure B This example is used to show that second and third order realizations
can take place under cover of a phase that is already green for some time ie
realization need not be synchronized

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Phase  models a pedestrian crossing The purpose of this example is to show
that a second or third order realization need not necessarily start at the same
moment as a certain rst order realization We show this by having phase 
green for some time already when phase  gets a second order realization
still under cover of phase  see in Table B the third row of the second
column  dont be bothered by the long prelude of trace steps towards this
row
B Example 
In this example a trace is given of the specication bound to the module
ActualSituationDataset in Appendix C The intersection is one that is
already used before namely in Section  and in Example  in Appendix B
First this example serves to give the reader a trace of the regulation of a
more complex intersection than is given in Examples  and  Second the
trace shows clearly points where the regulation as we have specied it is not
optimal There are probably a number of other points where the regulation as
we specied it is not optimal As it is not the aim of this study to investigate
the quantitative behaviour of the system specied we only discuss possible
optimizations here in order to help the reader to better understand this trace
the specication and the choices made in the specication
In the table B and B four boxes are marked with a meta indication
In the box marked with  we have phase  being realized second order
The interesting point here is that phase  is covered here not by a rst order
phase but by a second order phase namely phase 
In the box marked with  we see that phase  is green for  regula
tion cycles in third order But we can safely turn phase  green for three
regulation cycles phase  is completely covered by phase  and phase 
is green for three regulation cycles We have the same situation in the box
marked with  Here we have that phase  is again complete covered by a
phase now by phase 
In the box marked with  another type of optimization is possible Here
phase  cannot be covered by phase  there is no spare time see Sections
 and A But it is certain that in the next regulation cycle phase 
will be covered by phase  Hence phase  could be turned green already
We will now show that phase  will turn green rst order in the next reg
ulation cycle If all phases except phase  and  detect a car in the next
cycle phase  will still have the highest priority of all phases and thus get
a rst order realization Because in this situation the weighed waiting time
of the phases except phase  would be          
 The only phases that can possibly turn green are the phases that have no
con	ict with phase  and phase  These are the phases    and 
Phase  would have a higher priority  than   and    and 
respectively Furthermore the only phase with a higher priority than phase

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Regulation trace for the situation in Figure B
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 would be phase  Phase  would have priority  whereas phase 
would have priority  But phase  has no con	ict with phase  Hence
phase 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